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Preface 
Protein three-dimensional structures are stabilized by a sophisticated nebvork of 
tertiary interactions between amino acids that are otherwise distant in the primary 
sequence. While a vast body of literature is available on folding of small monomeric 
single domain proteins, information on folding of large multidomain and multisubunit 
proteins is somewhat scarce. The subject matter of this thesis involves a detailed 
investigation of the structure, stability and folding of a homodimeric protein, 
Plasmodium falciparum triosephosphate isomerase (PfTIM). 
Chapter 1 has been divided into two sections. While the first section introduces 
protein folding, principles of protein stability and protein engineering, the second 
section deals with a detailed discussion of the crystal structure of PfTIM.OPfTIM was 
cloned and expressed by Dr. Hema. Balaram (currently at Jawaharlal Nehru Center for 
Advanced Scientific Research) at the Astra Research Centre (India) (Ranie et.al, 
1993). The malarial parasite does not possess a functional tricarboxylic acid cycle 
making the glycolytic pathway crucial for its energy needs and hence survival 
(Sherman et.al, 1979). The glycolytic enzymes of Plasmodium can therefore serve as 
potential targets for drug design and structural information on these enzymes will be 
undoubtedly of immense value (Subbaya et.al, 1994). The structure of PRIM was 
determined in collaboration with Prof. M.R.N Murthy's group (Molecular Biophysics 
Unit) at 2.2A (Velanker et.al, 1997). The overall topology of the protein is that of a 
typical P8Ia8 barrel. Comparison of the structural details of the Plasmodium enzyme 
with the human counterpart revealed subtle differences between the human and parasite 
proteins, which may be exploited for structure based drug design. A notable feature is 
that residue 96 near the active site of the Plasmodium enzyme is phenylalanine, while 
there is a Ser 96 at this position in human and other triosephosphate isomerases. Other 
differences include a surface hydrophobic patch around residue Leu183, which is Glu 
in human and most other triosephosphate isomerases and Cys 13 at the dimer interface 
of PRIM, which is occupied by Met 14 at the structurally equivalent position in human 
TIM. The second section of the introductory chapter discusses the possibility of 
exploiting these differences for specific inhibition of the parasite enzyme. 
Chapter 2 is a detailed discussion of the unfolding of wildtype PRIM 
(TIMWT) and a covalently bridged bis-disulfide mutant generated by mutating Tyr74 
to Cys to make a symmetry related disulfide bridge with Cysl3 on the opposite 
subunits. The unfolding of TIMWT was carried out previously by Dr. R.Gokhale fiom 
our laboratory and has been reported in his thesis previously. The mutants were 
generated by Dr. Hema Balararn (Jawaharlal Nehru Center for Advanced Scientific 
Research). The unfolding studies carried out on TIMWT served as controls for 
comparison with the unfolding of Y74C. Unfolding studies indicated that TIMWT has 
a robust architecture and is refractory to unfolding even at hgh  concentrations of urea 
(Gokhale et.al, 1999). It was established that dimer dissociation precedes chain 
unfolding in case of TIMWT. The bis-disulfide mutant of PfTIM, in principle, should 
be more stable since the two subunits are covalently bridged in the mutant. The mutant 
was surprisingly unstable to urea solutions as compared to the wild type. It was 
established conclusively that during the course of urea unfolding, the oxidized form of 
the mutant Y74C (Y74Cox) undergoes an intramolecular thiol-disulfde exchange, 
which results in monomerization of the protein. 
The mutation of Tyr 74 to Cys created a large cavity at the dimer interface, 
which resulted in loss of thermal stability in the case of the reduced form of the 
protein. Oxidation of the reduced form to Y74Cox restored thermal stability (Gopal 
et.al, 1999). The crystal structure of this mutant was also detennined in collaboration 
with Prof. Murthy's group. The Y74C mutant failed to crystallize in the absence of 
small amounts of reducing agents such as 0.05rnM DTT. The final structure was a 
mixture of both the oxidized and the reduced forms, with one site having the disulfide 
and the other having free thiols. This "selective" reduction at one site is presumably 
due to the fact that bis-disulfide, may in fact have a strained polypeptide backbone, 
which hampers crystallization. A second mutant Y74G was made by replacement of 
Tyr74 with glycine. Preliminary unfolding studies indicates that this mutant is firher 
destabilized and the unfolding of this mutant exhibits a strong protein concentration 
dependence. 
Chapter 3 is a follow up on an interesting observation made by Vogel & 
Chmielewski, who noticed that subtilisin cleaved rabbit muscle triosephosphate 
isomerase religated spontaneously on a reverse phase HPLC column (Vogel & 
Chmielewski, 1994). This stimulated us to make a similar experimental endeavor with 
pflm. It was found just as in the case of rabbit muscle TIM, subtilisin generated 
fragments of PRIM religated spontaneously in presence of organic solvent such as 
acetonitrile (Ray et.al, 1999). High-resolution mass spectrometry permitted 
identification of the early cleavage sites and the fragments generated by subtilisin 
nicking. The sites were identified to be between residues 1161-Ll6l and V124-V125. 
These sites correlated with mobile loops on the protein with high crystallographic B- 
factors. We fhrther demonstrated that the subtilisin generated fi-agrnents could be 
refolded from guanidinium chloride solutions and religated using subtilisin, suggesting 
that the assembly of the barrel is thermodynamically controlled and the nicked protein 
generated by subtilisin cleavage is not a kinetically trapped structure (Ray et.al, 1999). 
The remarkable stability of the archetypal j38/a8 barrel of triosephosphate isomerase, 
despite several nicks in the polypeptide chain, exemplifies the importance of long range 
interactions in imparting high stability to this fold, a feature which may explain the 
wide spread occurrence of the TIM barrel fold among proteins. 
Chapter 4 describes interaction of a low pH molten globule df PRIM with 
lipid bilayers. An earlier report kom Ritter suggested a strong correlation of hemolytic 
anemia in some patients suffering fkom malaria with the occurrence of anti- 
triosephosphate isomerase antibodies Ntter, 1993). This stimulated us to undertake a 
detailed investigation of the localization of PfT.IM on lipid bilayers. The binding of 
Plasmodium faleiparum triosephosphate isomerase -(PfTIM) to artificial membrane 
vesicles was investigated as a function of pH. Intrinsic tryptophan fluorescence studies 
and fluorescence energy transfer experiments indicated that a specific region of the 
protein carrying a tryptophan residue is involved in,binding the membrane vesicles at 
pH3.0. The properties of the pH3.0 state of PRIM were fiuther characterized using 
spectroscopic methods and was found to have all the attributes of a classical molten 
globule. The sites on PfT.IM that interact with lipid membrane at pH3.0 were mapped 
using a combination of limited proteolysis and MALDI mass spectral analysis of 
vesicle bound PRIM. The binding sites mapped on to one face of the PflIM crystal 
stnrcture, which carries several positively charged and hydrophobic amino acids. The 
observed binding of a PfTIM molten globule to artificial lipid membranes may have 
significant implications for the localization of PmIM on RBC membranes following 
malarial infections. The binding of PRIM to parasitized RBC membranes may 
subsequently lead to exposure of parts of the protein to the external environment of the 
host, which may elicit an antibody response finally leading to hemolysis. The results 
obtained in this study point towards a possible mechanism of PfTIM binding to 
membranes leading to hemolysis in parasitized erythrocytes. 
Chapter 5 deals with the investigation of pH induced molten globules of 
proteins in the gas phase using electrospray ionization mass spectrometry (ESI-MS). 
During the investigation of the low pH molten globule of PflIM, an ESI-MS 
experiment revealed that protein-ANS non-covalent complexes are readily observed in 
the gas-phase. The work described in this Chapter is an offshoot of the establishment of 
a facility for biological mass spectrometry at the Indian Institute of Science. The 
availability of appropriate instrumentation prompted us to investigate and characterize 
folding of molten globule states of well studied proteins in the gas phase. This Chapter 
contains an introduction to biological mass spectrometry and investigations of gas 
phase protein conformations. Acid unfolding of some common proteins are examined 
as a prelude to the analysis of molten globules. A simple analysis of charge state 
distribution of proteins, often may not reveal the presence of folding intermediates. The 
binding of 1-anilino-8-naphthalene-sulfonic acid (ANS) to globular proteins at acidic 
pH has been investigated by electrospray ionization mass spectrometry (ESI-MS), 
which provides a better handle not only for detection of molten globules but also 
provided an estimate of binding stoichiometry at a glance (Ray et.al, 1999). 
The binding of ANS and detection of the protein complexes were camed out for 
a number of proteins. Strong ANS binding was observed in the gas phase, wherever 
molten globule states were postulated in solution. Careful inspection of the charge 
states reveals, that the charge states at lower m/z were not equivalent to the higher m/z 
charge states. The distribution of the relative intensities of the protein bound ANS 
species is dependent on the net charge on the various proteins. The strong dependence 
of the satellite peak intensities on the charge states, suggests a heterogeneity of gas 
phase conformation with the structure being dependent on the net charge. The binding 
strength of ANS to the different proteins were qualitatively estimated by varying the 
nozzle skimmer potential, which leads to an increase in the internal energy of the 
molecule causing dissociation of the bound ANS molecules. Again, the skimmer 
voltages affected the lower charge states and the higher charge states in different 
fashion. The results suggest that ESI-MS may provide a convenient method of probing 
the stoichiometry and distribution of dye complexes with molten protein globules. 
Chapter 6 summarizes the main results and conclusions of the studies 
described in this thesis. 
